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SUMMARY. Turfgrass performance can be assessed in terms of visual quality, but evaluators require training and may be distracted by many factors that affect accuracy and consistency. The objectives of this study were to assess a handheld optical sensor (GreenSeeker) for evaluating overall turfgrass quality in three turf species over two growing seasons, and to compare the combined time required for visual evaluation and data entry with the time required for the same functions using the handheld optical sensor. Visual quality ratings and sensor ratings were . The handheld optical sensor provided a consistent, objective evaluation of overall turfgrass quality and required less time than visual evaluation. The handheld optical sensor provides advantages for assessing turfgrass quality that cannot be realized by human evaluation, but the sensor alone is not sufficient for specific evaluations such as color, texture, or density that are routinely characterized by human evaluation.
H orst et al. (1984) studied visual evaluation methods common to turfgrass science and determined that visual evaluations among 10 human evaluators were inconsistent and could be considered inadequate. Assessing turfgrass features such as color, density, and overall quality by human visual evaluation is subjective and time consuming (Bell et al., 2002a; Trenholm et al., 1999a) . In addition, visual evaluators may be distracted by mowing patterns, rating direction, cloudiness, shadows, and turf wetness (Krans and Morris 2007) . These distractions sometimes make it difficult for evaluators to accurately discriminate turf responses or genetic variation. Consequently, turfgrass evaluators require training and experience to attain satisfactory proficiency in turfgrass quality evaluation.
Recently, optical sensing techniques have been introduced that measure the reflectance from turf canopies to determine turfgrass growth (Bell et al., 2004) , wear tolerance (Trenholm et al., 1999a (Trenholm et al., , 1999b , herbicide tolerance (Bell et al., 2000) , and N fertility (Bell et al., 2002b (Bell et al., , 2004 Trenholm et al., 2001) . Bell et al. (2002a) demonstrated that optical sensing was not only effective for estimating turf color and percentage of living cover, but was equally efficient and more consistent for that purpose than visual evaluation of tall fescue (Festuca arundinacea) and creeping bentgrass (Agrostis stolonifera). The study also demonstrated that optical sensing results were not influenced by texture and that a combination of turfgrass color and turfgrass cover accounted for most of the variability in models used to predict sensor measurements from human evaluations. These results were further confirmed by Kenworthy et al. (2006) on bermudagrass. Bell et al. (2002a) reported that human evaluations of color or cover alone were not as closely related to sensor measurements as color and cover in combination.
In a former test of optical instruments, it was found that optical sensing required slightly more time and was more costly compared with human visual rating (Bell et al., 2002b) . However, improvements in the processing speed of reflectance data instrumentation have made faster collection speeds attainable. At least one modern instrument, the GreenSeeker handheld sensor (NTech, Ukiah, CA) is faster to operate, less expensive (about $3500 in 2006), and easier to use than the instruments tested earlier (Bell et al., 2002a; Trenholm et al., 1999a) . The objectives of this study were to assess a handheld optical sensor for evaluating overall turfgrass quality in three turf species over two growing seasons, and to compare the time required of visual evaluation and data entry with the time required for the same functions using a handheld optical sensor. block design with three replications. Plot sizes were 5 · 5 ft on the buffalograss trial, 6 · 6 ft on the zoysiagrass trial, and 6 · 6 ft on the bermudagrass trial. Mowing heights were 3.0, 0.5, and 0.5 inches on the buffalograss, zoysiagrass, and bermudagrass sites, respectively. Data were analyzed for NTEP reports using analysis of variance [ANOVA (P < 0.05)] with mean separation using Fisher's protected least significant difference [LSD (P < 0.05)]. Visual evaluation by a human evaluator was determined on a 1 to 9 scale where 1 was very poor quality turf, 6 was minimally acceptable turf, and 9 was exceptional turf quality (Morris, 2004) . A clipboard and paper were used to record visual ratings. The sensor ratings were made within 24 h of the visual ratings and were automatically recorded to a portable data analyzer (PDA). The GreenSeeker handheld sensor was composed of four main parts: a sensor head, a telescoping tube, a PDA, and a control box. A single sensor was mounted to a telescoping pole that comprised the primary structure of the handheld. A rechargeable battery rested on the opposite end of the pole to provide power and counterbalance the weight of the sensor. The entire unit weighed approximately 11 lb. The unit was suspended from a shoulder strap that was adjustable for the comfort of the individual user. The sensor scanned an area that was 2 ft wide perpendicular to the direction of travel and 0.375 inches long in the direction of travel. Reflectance data collection was by pulse rather than continuous scanning with samples taken at up to 900 samples per second. For this study, the sensor was programmed to collect at a relatively slow rate of 10 samples per second. Consequently, the unit collected 10 to 20 subsamples in a plot 6 ft long when moving at a normal (2-3 mph) walking pace. The variation among these subsamples could provide an accurate, inverse quantitative measure of turf uniformity, but that was not the purpose of this study. The subsamples were computed as normalized difference vegetation indices (NDVI) and were stored on the PDA attached to the handheld unit. The NDVI is equal to a reflectance measurement usually in the near infrared region of the spectrum, in this case, 780 nm, minus a reflectance measurement usually in the red region of the spectrum, in this case, 660 nm, divided by the sum of the same two measurements. Other vegetation indices have been developed and tested for use with turf and other plants, but NDVI is most common (Bell and Xiong, 2007) .
Materials and methods
To use the GreenSeeker sensor, the operator depressed a trigger to collect data and released the trigger when data collection for a single plot was complete. Each time the trigger was released and depressed, a new plot number was recorded and subsamples were assigned to the new plot number. The sensor head measured reflectance at about 660 and 780 nm generated by sensor integrated light emitting diodes and was unaffected by sunlight (Bell et al., 2002a) . This integrated light source allows a sensor unit to work as effectively in shade or in the dark as it does in full sun. The NDVI were transferred directly from the PDA memory to a desktop computer in a format conducive for statistical analysis.
We hypothesized that the handheld optical sensor could provide faster, more accurate data collection than visual evaluation if certain assumptions were met. For example, it was assumed that the area of each trial that the sensor scanned was a subsample of the plot, and that this subsample represented the whole plot in terms of cultivar purity, maintenance inputs, and all turfgrass response characteristics of the target population. Also, it was assumed that the entire plot had no contamination or that the contamination could be identified and avoided by the sensor operator.
The time required for data collection and data entry to an Excel spreadsheet (Microsoft, Redmond, WA) in a format conducive for statistical analysis was measured and recorded for each rating event and each rating method to compare the speed and efficiency of visual rating and sensor rating. The time required for evaluation and analysis procedures that did not differ between sampling methods such as traveling to the data collection site, setting up a computer software spread sheet, etc. were not recorded or evaluated in this study therefore results are not consistent with the total time required for evaluation and analysis of an NTEP study. The total time required to evaluate an NTEP study is considerably longer than the time recorded here.
Statistical analyses were performed using SAS (version 8.1; SAS Institute, Cary, NC). Cultivar differences were determined by the ANOVA procedure as a randomized complete block design monthly and as a split plot in time for comparison of annual and overall results (P < 0.05). Rating date · cultivar interaction was ignored as would occur in a NTEP analysis. Mean separations were determined by Fisher's LSD (P < 0.05). Rating methods were compared statistically by linear correlation (P < 0.05, 0.01, 0.001) and logically by comparing the mean separation of cultivars resulting from the use of each rating method.
Results and discussion
SPEED OF COLLECTION AND DATA ENTRY. Visual rating using the methodology of this study required a period 2.4 times longer than sensor rating to complete data collection and data entry (Table 1) . Except for the bermudagrass trial, the time required for manual data entry did not differ substantially from the time required to download data from the PDA used to record sensor results. However, manual keyboard entry from rating sheets to Excel spreadsheets required a thorough examination for errors during or following entry. The data transfer from the sensor PDA to computer only required that the user check to make sure that the correct number of plots had been recorded for each row and that the NDVI results were in the range consistent with turf reflectance. The subsamples collected by sensor were recorded by plot to a file in spreadsheet format and could be used to determine uniformity. These subsamples were also automatically averaged and stored by plot in a second file that was used to transfer results by plot to a common spreadsheet following data collection. Sensor evaluation simplified data assessment and did not have the errors common to manual data entry. Manual keyboard entry and verification was faster than sensor data entry for the smallest trial, buffalograss, but was slower for the largest trial, bermudagrass (Table 1) . Consequently, where large trials or multiple trials are conducted, the sensor method is likely to save considerable time during data entry. The sensor method was always faster for data collection, regardless of circumstances or conditions that occurred during this study. In this trial of small (30 plots), medium (60 plots), and large (147 plots) studies, the sensor method saved an average of 33 min each time data were collected and recorded compared with visual rating.
SENSOR RATING COMPARED WITH VISUAL RATING. According to their web site, ''the NTEP is designed to develop and coordinate uniform evaluation trials of turfgrass cultivars and promising selections in the United States and Canada. Test results can be used by national companies and plant breeders to determine the broad picture of the adaptation of a cultivar. Results can also be used to determine if a cultivar is well adapted to a local area or level of turf maintenance'' (NTEP, 2008). Consequently, the z Visual ratings were assigned on a 1 to 9 scale where 1 = poor quality turf, 6 = minimally acceptable turf, and 9 = exceptional turf quality. y NDVI = (780 -660 nm reflectance) O (780 + 660 nm reflectance) collected using a GreenSeeker handheld optical sensor (NTech Industries, Ukiah, CA). x Ratings were collected by a human evaluator who wrote her visual assessment of each plot on paper as she worked her way across the study. w Keyboard entry included transferring plot ratings from paper to digital media and double-checking the entries. v Sensor data were recorded to a personal digital assistant when the operator pressed a button as he entered a plot and released it as he left the plot while proceeding at a speed of %2.5 mph (4.02 kmÁh -1
). u Download included transferring digital files from the personal digital assistant to a desktop computer, entering the file into a data spreadsheet, and checking to make sure that the correct number of plots had been recorded. t N/A, not available, was reported when specific data were not collected on a particular date. Table 2 . Pearson correlation coefficients (r) resulting from linear correlation of normalized difference vegetation index (NDVI) z and visual quality y for buffalograss monthly (n = 11), annually (n = 77), and overall (n = 154), zoysiagrass monthly (n = 20), annually (n = 140), and overall (n = 280), and bermudagrass monthly (n = 49), annually (n = 343), and overall (n = 686) during y Visual ratings were assigned on a 1 to 9 scale where 1 = poor quality turf, 6 = minimally acceptable turf, and 9 = exceptional turf quality. NS, *, **, ***tests of linear correlation of visual rating and NDVI were not significant (NS) or were significant at P < 0.05, P < 0.01, or P < 0.001, respectively. Table 3 . Highest (n = 5) of 10 buffalograss cultivars evaluated for overall quality by visual rating Fisher's protected least significant difference (P < 0.05).
• April-June 2009 19(2) best-performing cultivars in any given trial are of particular interest to consumers in that geographic area. Mean separations (LSD at P < 0.05) are used to rank the performance of cultivars at each site and nationwide. Presumably, the top-ranking cultivars at a site are those with good to excellent aesthetic characteristics and the best adapted to that region. When the cultivars studied were compared statistically over the study period (both years) according to visual rating, the highest ranking buffalograss group consisted of only one cultivar, the top zoysiagrass group consisted of four cultivars, and the top bermudagrass group contained five cultivars. Consequently, it was deemed that a comparison of the five highest-ranking cultivars of each species according to visual rating and according to NDVI would be a good indication of their compatibility for the region studied and would provide adequate information to compare the two rating methods. There were significant (P < 0.001) linear correlations between sensor measurements and visual ratings for each species during each season (Table 2 ). Among the species tested, the correlations of sensor evaluation and human evaluation were weakest for buffalograss in 2003 and 2004 . Although the buffalograss correlations were relatively weak, the two cultivars ranked highest were the same in 2003 regardless of rating method (Table 3) .
In 2004, the buffalograss cultivar Density was scored lowest (data not shown) for the first 2 months and highest for the remaining months according to visual rating (Table 3) . 'Density' was also ranked highest for the remaining months according to the sensor. Overall, 'Density' ranked highest in sensor and visual rating in 2003 and was in the top two for both rating methods in 2004. In 2003, four of the top five buffalograss cultivars according to visual rating were also in the top five according to NDVI. In 2004, visual rating ranked 'Bowie' as one of the top three cultivars, but the sensor ranked 'Bowie' seventh highest (NDVI = 0.57). The sensor ranked '609' in the top group, but visual rating ranked '609' lower (visual rating = 4.9). Clearly, the sensor ratings did not match those of an individual evaluator with perfect consistency. In 2003 and 2004, there was widespread weed contamination observed in the buffalograss trial that resulted in the weakest correlations between methods among species. The human evaluator could speciate the weeds present, but the sensor operator had difficulty avoiding the widespread contamination. It is not known which rating system was the most accurate but in this case of severe contamination, it was probably human evaluation.
Zoysiagrass ratings indicated significant (P < 0.001) moderately strong correlations between sensor and visual ratings (Table 2 ). In 2003 and 2004, the top five cultivars in April were the same regardless of rating method (Table 4) . In 2003, 'Zorro' ranked highest overall using both rating methods (Table 4) . Of the top five cultivars in 2003, three were the same regardless of rating method. Overall in 2004, five of the top five cultivars were the same according to sensor and visual rating (Table 4 ). The ratings in August and September resulted in the weakest correlations between the sensor and visual rating compared with other months in both years (Table 2) . This was expected because according to mean separations, cultivar differences were rare during those months compared with other months. Nonetheless, at least two of the top five cultivars were common to sensor and visual ratings during August and September.
The bermudagrasses had the best correlations between rating methods among the three species (Table 2) . For instance, the Apr. 2004 rating separated the same top five cultivars in the same quantitative order, regardless of rating method (Table 5) . During the summer months (June, July, and Aug. 2003; July and Aug. 2004), the correlations were much weaker than the early and late months (April, May, September, and October). The cultivar Aussie Green was ranked relatively poor but acceptable by visual rating (rating = 6.7) in July 2003 but was ranked as one of the top five cultivars by the sensor (Table 5) . 'Midiron' was visually rated as a top cultivar in Aug. 2004 but was ranked second lowest according to the sensor (NDVI = 0.63). The research of Horst et al. (1984) demonstrated that the ratings of individual visual evaluators compared poorly. Bell et al. (2002a) indicated that optical sensor ratings were highly comparable on a day-today basis and were more consistent than individual evaluators. Although it is difficult to determine which rating system is most accurate, optical sensing has proved to be the most consistent. A comparison of average sensor ratings with the average of a large group, perhaps 30 or more evaluators, made at about the same time on the same study may be needed to determine if sensor ratings compare closely with the true measure of turf quality, aesthetic value. A project of that magnitude would require a national or international effort and is beyond the scope of this article.
Conclusions
Several quantitative rating devices have been tested for use in turfgrass quality evaluation. These devices include digital cameras (Karcher and Richardson, 2005) spectroradiometers (Bell et al., 2004) , multispectral devices (Raikes and Burpee, 1998) , optical sensors (Park et al., 2005) , and others. These devices have not been widely used probably because they were complicated, required long periods to assess data, required relatively high initial expenditures, and/or required device alterations and updates. However, the GreenSeeker handheld sensor used in this study was relatively inexpensive and required less total combined time for data collection and entry than visual evaluation.
Visual evaluations are not consistent among evaluators (Horst et al., 1984) . Evaluators may not even be consistent among themselves on a day-to-day basis (Bell et al., 2002a) . However, optical sensors are consistent among users and consistent from day to day (Bell et al., 2002a) . The handheld sensor was very stable and did not require routine maintenance, update, and recalibration. Training personnel to use the handheld sensor, including data entry, was accomplished effectively in less than 60 min. Training a visual evaluator generally requires a period of hours or days and a period of months before the trainee becomes proficient.
An optical sensor such as the GreenSeeker handheld could be used as a supplement to visual evaluation for a baseline comparison of individual evaluators. Using this baseline comparison, the visual evaluations could be accurately compared among sites. Based on the results of this study and others, optical sensing could also be used as a measure of overall turfgrass quality or could be used as an alternative system on selected rating dates. Turfgrass breeders could use sensor ratings of turfgrass quality for fast, quantitative screening of germplasm. According to these results and those of previous research, turfgrass researchers could use sensor ratings as a quantitative measure of turfgrass response to treatments, damage, or disease infection.
Although it may be possible for a human evaluator to save time and labor using voice recorders or portable computerized devices, the typical evaluation method, manual recording of ratings to paper and transfer of ratings to digital storage via keyboard entry, was labor intensive and time consuming compared with quantitative data collection and transfer using the handheld optical sensor. Correlations of sensor ratings and visual ratings resulted in overall correlation coefficients that ranged from 0.59 to 0.80, depending on species. However, sensor ratings and visual ratings generally identified the same cultivars within each species as exceptionally high in overall turfgrass quality. In this study, the data collected using the GreenSeeker handheld optical sensor to determine turfgrass quality compared well with that collected by a human visual evaluator and required considerably less time for data collection and entry.
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